The geometrical parameters, vibrational frequencies, and relative energies of H 2 (A n+1 X 2n )H 2 (A=C or Si, X=O or S, n = 1-2) oligomers have been investigated using high level ab initio quantum mechanical techniques with large basis sets. The equilibrium geometries have been optimized at the self-consistent field (SCF), the coupled cluster with single and double excitation (CCSD), and the CCSD with connected triple excitations [CCSD(T)] levels of theory. The highest level of theory employed in this study is cc-pVTZ CCSD(T). Harmonic vibrational frequencies and IR intensities are also determined at the SCF level of theory with various basis sets and confirm that all the optimized geometries are true minima. Also zero-point vibrational energies have been considered to predict the dimerization and the relative energies.
Introduction
The theoretical studies for the spectroscopic properties and their relative stabilities of 1,2-dioxetane (1) and 1,3-dioxetane (2) have been extensively performed during last two decades even though the experimental observations for them have been limited because of their thermodynamic instability. [1] [2] [3] [4] The molecular structure and spectroscopic property for 1,3-dioxetane were first investigated by Skancke in 1980.
1 Their result and several other theoretical studies showed that the 1,3-isomer is thermodynamically more stable than 1,2-isomer. 2 The relative stability and geometrical specificity of 1,3-isomer have caused to extend the interest of theoretical investigator to the relative isomers replaced C to Si and/or O to S.
In 1984 and 1986, some substituted 1,3-cyclodisiloxanes (3) with bulky groups (R=Mes, t-Bu, etc.) at the silicon atom were isolated by West and coworkers and their structures were determined using X-ray diffraction techniques. 5, 6 In the four-membered ring structure of substitued 1,3-cyclodisiloxanes, the Si···Si distance (2.31 Å) measured by the X-ray diffraction turned out to be shorter than the normal Si-Si single bond length (2.34 Å). This experimental result has inspired many theoretical investigations and a couple of theoretical studies have well characterized about the nature of this nonbonded Si···Si short distance. In 1987, Grev and Schaefer 7 described this bonding between silicons as "unsupported π-bond" and after few years, Liang and Allen 8 explained using "σ-bridged-π bonding" model. More recently (2000), Ma and Inagaki proposed "cyclic (n, d, d) interaction" model, which is that the cyclic delocalization of the non-bonding lone pair electrons through two vacant dtype polarization functions of silicon atoms is responsible for the short Si···Si distance. 9 Several simple disiloxanes (R=CH 3 , OCH 3 ) were identified in the gas phase using the mass-spectrometry during the vacuum pyrolysis of 3,3-dimethyl-6-oxa-3-silabicyclo[3.1. 0]hexane and its derivative. 10, 11 Also some disiloxanes have been identified experimentally. 12 However the parent 1,3-cyclodisiloxane (R=H) has not been yet observed experimentally. Instead many theoretical studies have been reported. In 1985, The theoretical results for the structure, vibrational frequencies, and dimerization energy of (H 2 SiO) 2 were reported by Kudo and Nagase. 13 They predicted that 1,3-cyclodisiloxane has a planar four membered ring structure and is fairly stable thermodynamically through the result at the MP2/6-31G*//HF/6-31G* level of theory. They also compared these results with those calculated for the similar cyclic dimers (H 2 SiS) 2 and (H 2 CO) 2 at the same level of theory. Also, molecular structures and spectroscopic properties for some simple cyclodisiloxane derivatives (R=OH, CH 3 , OCH 3 , etc.) are investigated using low level theoretical methods. 14, 15 In 1996, Gordon and coworkers reported optimized geometries at the Hartree-Fock level of theory for several conformations of larger cyclic siloxanes (H 2 SiO)n, n = 3-5, which have six, eight, and ten membered rings, respectively. 16 For the consecutive four-membered ring structures, H 2 C n+1 X 2n H 2 (X=O or S, n = 2-4), DFT calculations were performed by Frapper and Saillard in 2000. 17 They focused on the relative energies of CX 2 -based oligomer with respect to free CX 2 to examine the possibility of the polymerization of CX 2 . In more recently, Bromley et al. reported the calculated harmonic vibrational frequencies of four-membered rings containing two silicon and two oxygen atoms in fully connected (SiO 2 ) 12 clusters. 18 In this study, the molecular structures and relative energies for H 2 (C n+1 O 2n )H 2 , n = 1-2 are investigated using high level ab initio quantum mechanical techniques with large basis sets. The highest level of theory employed is cc-pVTZ CCSD(T). The harmonic vibrational frequencies and IR intensities are also determined at the SCF level of theory with various basis sets. In addition the thermodynamic stability and molecular spectroscopic properties for small oligomers substituted by silicon(Si) instead of C and by sulfur(S) instead of O are investigated and the relative energies between the CO 2 -based (or SiO 2 or CS 2 ) oligomers and free CO 2 are compared.
Theoretical Approach
The basis sets employed in this study are double zeta (DZ), correlation-consistent polarized valence double zeta (cc-pVDZ) sets and correlation-consistent polarized valence triple zeta (cc-pVTZ) sets for hydrogen (H), carbon (C), silicon (Si), oxygen (O), and sulfur (S). The DZ basis set consists of the standard Huzinaga 19 and Dunning 20 (9s5p/ 4s2p) contracted gaussian functions for C and O, the (11s7p/ 6s4p) 21 set for S and Si, and the (4s/2s) set for H. The ccpVDZ basis set consists of an (4s1p/2s1p) set for H, (9s4p1d/3s2p1d) set for C and O, and the (12s8p1d The structures for the ground states of monomers, dimmers (n = 1) and other oligomers (n = 2) of H 2 (A n+1 X 2n )H 2 (A=C or Si, X=O or S) were fully optimized at the selfconsistent field (SCF) level of theory using analytic techniques 22 with all basis sets described above. The SCF equilibrium geometries were subsequently used to optimize structures at the single and double excitation coupled cluster (CCSD) level by employing analytic gradient methods. 23 The CCSD geometries of the ground state were finally used to obtain geometries optimized at the CCSD(T) levels, which are the single and double excitation coupled cluster method with the effects of connected triple excitation included perturbatively. 24 Harmonic vibrational frequencies and infrared (IR) for H 2 (A n+1 X 2n )H 2 (A=C or Si, X=O or S, n = 1-2) were evaluated using analytic second energy derivatives 25 at the SCF level with above three basis sets. All computations described above were carried out with the PSI-2 26 and PSI-3 suits of computer programs developed by Schaefer's group. Figure 1 . The geometrical parameters at the many different levels are listed in Table 1 . The 1,3-cyclodisiloxane shows the shape of a plane lozenge (D 2h symmetry) that is formed with four Si-O bonds having the same length. The increasing of the basis set from cc-pVDZ to cc-pVTZ shortens all bond distances significantly, while bond angles are relatively stable with respect to both electron correlation and basis set size effects. At the highest level of theory employed in this study, the Si···Si distance is predicted to be 2.377 Å, which is almost the same with Si-Si single bond length (2.38 Å). The X-ray structure of substituted 1,3-cyclodisiloxane by mesityl (2,4,6-trimethylphenyl, Mes) showed also very short nonbonded Si···Si distance (2.31 Å). 6 For this relatively short Si···Si distance, Grev and Schaefer proposed the "dibridged-π-complex" model where the π bonding between the silicon atoms is not supported by σ-bonding. 7 Liang and Allen explained that the shortening of the Si···Si distance is a consequence of more favorable σ-bridged-π bonding. 8 They employed the weak π-bonding effect concept between lone pairs on the oxygen atom and the electrons that constitute σ-bonding of Si-H at the perfectly plane structure in spite of four-membered ring compound. Recently, Ma and Inagaki proposed "cyclic (n, d, d) interaction" model, which is that the cyclic delocalization of the non-bonding lone pair electrons through two vacant d-type polarization functions of silicon atoms is responsible for the short Si···Si distance. 9 In our knowledgement, there has not been reported for the experimental study of the parent 1,3-cyclodisiloxane.
Results and Discussion

Structures
The optimized geometries of the 1,3-dioxetane and 1,3-dithietane at the cc-pVTZ CCSD(T) level of theory are also shown in Figure 1 and the geometrical parameters at the many different levels are listed in Table 1 . Their optimized structures also have D 2h symmetry including planar fourmembered ring. The predicted C···C distances of 1.957 and 2.477 Å in 1,3-dioxetane and 1,3-dithietane, respectively, are much longer than the normal C-C single bond length. Based on our result, the planar ring structure in 1,3-dioxetane or 1,3-dithietane can be explained by "σ-bridged-π bonding" model. However, for the short Si···Si distance in cyclodisiloxane, we support the "cyclic (n, d, d) interaction" model which is that that the cyclic delocalization of the nonbonding lone pair electrons through two vacant d-type polarization functions of silicon atoms is responsible. The C-O-C and C-S-C bond angles are predicted to be highly strained to 86. 8 o for Si-O-Si angle. The bond distances are significantly decreased with increasing the basis set sizes from cc-pVDZ to cc-pVTZ which means that the effect of the polarization function should be very important. The electron correlation effect from CCSD to 
six-, eight-and ten-membered) rings of (H 2 SiO) n , n = 3-5, and their predicted Si-O bond distance also decreases as ring size increases. 16 As shown in Figure 2 (b), the structure of C 3 O 4 H 4 takes the shape of the two lozenges which is similar to Si 3 O 4 H 4 . One planar four-membered ring is at right angle to another fourmembered ring. The geometrical parameters at various levels of theory are also listed in Table 2 . In general bond distances decrease with increasing basis set size at CCSD and CCSD(T) levels, while bond angles are not varied significantly. Based on Table 1 , the basis set effects of ccpVTZ are relatively more important than the correlation effect between CCSD and CCSD(T). In comparison with the1,3-dioxetane, the C···C distance of 1.937 Å in the C 3 O 4 H 4 is a little shorter than 1.951 Å in 1,3-dioxetane at the same level (cc-pVTZ CCSD) of theory because of the short Outer A-X bond distance in four-membered ring (refer figure 2) . Table 2 . The outer and inner C-S bond distances at the cc-pVTZ CCSD level of theory are predicted to be 1.819 and 1.823 Å, respectively. This result which is longer inner C-S bond distance does not coincide with the result for H 4 (2) to the C-H stretching, two other strong peaks around 970 and 1100 cm −1 to C-O stretching, three weak peaks around 1170, 1430, and 1520 cm −1 to CH 2 bending, and one weak peak around 190 cm −1 to ring torsional mode. For 1,3-dithietane, all peak intensities are relatively weak. One strong and seven weak peaks are expected. Relatively two strong peaks around 2900 cm −1 are assigned to the C-H stretching, two weak peaks around 690 and 700 cm −1 to C-S stretching, two weak peaks around 880, 1210 and 1450 cm −1 to CH 2 bending, and one weak peak around 90 cm −1 to ring torsional mode. In Table 4 . Also zero-point vibrational frequencies listed in Table 4 have been considered to evaluate the dimerization and relative energies at room temperature described next section.
Energetics. Predicted dimerization energies of H 2 (A 2 X 2 )H 2 (A=C or Si, and X=O or S) and relative energies with respect to free AX 2 for H 2 (A 3 X 4 )H 2 (A=C or Si, and X=O or S) oligomers are listed in Table 5 . Although the relative energies at the CISD level of theory are calculated, the results are excluded from Table 5 because of size consistency problem. The dimerization energy (∆E) of H 2 (A 2 X 2 )H 2 is calculated using the energy difference between dimer and the sum of monomers (H 2 AX). Relative energies per AX 2 can be obtained by the energy difference of H 2 (A 3 X 4 )H 2 from the sum of H 2 (A 2 X 2 )H 2 and AX 2 . The scaled SCF zero-point vibrational energy (ZPVE) correction has been considered to predict the relative energies more precisely and presented in parentheses of Table 5 . The dimerization and relative energies are sensitive to the size of basis functions, but the correlation effects from CCSD to CCSD(T) with cc-pVTZ basis set are not too serious as shown in the result for H 2 (C n+1 O 2n )H 2 . The dimerization energies of (H 2 SiO) 2 , (H 2 CO) 2 , and (H 2 CS) 2 are predicted to be −102.7, 5.21, and −26.7 kcal/ mol including ZPVE correction at the cc-pVTZ CCSD(T) level of theory. This high exothermic result (−102.7 kcal/ mol) for (H 2 SiO) 2 implies that four single bonds in fourmembered ring are more strong than two double bonds of two H 2 Si=O. The exothermicity in the H 2 C=S dimerization decreases significantly, indicating the much stronger C=S π bond than π bond in H 2 Si=O and the formation of weaker C-S single bonds compared with Si-O single bonds. In contrast, the dimerization of H 2 C=O is predicted to be rather endothermic by 5.21 kcal/mol, which implies that the cleavage of two C=O double bonds in monomers to form four C-O single bonds in dimer needs more energy. However this small endothermicity for the dimerization of H 2 C=O might be overcome by polymerization.
We also calculated the relative energies per AX 2 repeat unit of H 2 (A 3 X 4 )H 2 with respect to the free AX 2 monomer. The geometry optimizations for H 2 (C 3 S 4 )H 2 and H 2 (Si 3 O 4 )H 2 at the cc-pVTZ CCSD(T) level of theory are not possible due to the size of the system and program limitations. The relative energy of Si 3 O 4 H 4 per SiO 2 is predicted to be −117.4 kcal/mol including ZPVE correction at the cc-pVTZ CCSD level of theory. This result means that the SiO 2 moiety in Si 3 O 4 H 4 is more stable thermodynamically than the free SiO 2 monomer by 117.4 kcal/mol. The relative energy per CO 2 repeat unit of C 3 O 4 H 4 is predicted to be higher than that of free CO 2 by 24.5 kcal/mol. And the relative energy per CS 2 in C 3 S 4 H 4 is calculated to be higher than the energy of the free CS 2 monomer by only 3.6 kcal/mol. These results are much smaller than the previous theoretical (DFT) predictions of 40.1 and 20.6 kcal/mol for CO 2 
